Each of three internal domains of multi-modular cellobiohydrolase CbhA from Clostridium thermocellum, X1 1 , X1 2 (previously designated as fibronectin type 3-like modules, Fn3 1 and Fn3 2 ) and family 3 carbohydrate-binding module (CBM3) binds 1 mol of Ca 2+ . Structures and thermal stabilities of X1 1 , X1 2 , CBM3, X1 1 X1 2 , and X1 1 X1 2 -CBM3 containing Ca 2+ (holo-proteins) and without Ca 2+ (apo-proteins) have been studied using CD spectroscopy. All domains are β-proteins with irregular far-UV CD spectra due to the aromatic side chain contributions. The positive signal at 294 nm in the near-UV CD spectrum of X1 1 lacking a tryptophan residue might be attributed to the presence of aromatic clusters. Thermal denaturation of all proteins is reversible and results in the total loss of tertiary structure and preservation of significant amount of ordered secondary structure. Removal of Ca 2+ destabilizes polypeptides in a different way and to a different extent. It decreases the melting temperature (T m ) (by 20
INTRODUCTION
Polypeptide chains beyond 50-100 amino acid residues tend to form domains [1] . One domain definition reads: 'Domains are topological entities which, at the atomic level, exhibit more pronounced interactions within the structural unit than with other parts of the polypeptide chain' [2] . As domains have an intrinsic capacity to form their native fold spontaneously and autonomously, appearance of multi-modular proteins seems to be a great achievement of evolution, as long polypeptide chains start to fold in several places, independently minimizing misfolding due to wrong intramolecular interactions [1] .
Microbial extracellular glycoside hydrolases, which are active against insoluble plant cell wall biopolymers, are exclusively domain-structured polypeptides comprising a catalytic domain with different 'accessory' modules attached to the N-or Cterminus [3] . Catalytic modules and carbohydrate-binding modules (CBMs) have been classified into several families on the basis of amino-acid sequence similarity [4] . It has been noted that domains in glycoside hydrolases are not randomly combined. CBMs of a particular family have a tendency to be associated with a catalytic domain of a particular family, and to be located in a specific place of the polypeptide [5] ; Ig-like domains often, but not necessarily, precede catalytic domains belonging to family 9 glycoside hydrolases [3] ; fibronectin type 3-like domains (Fn3)
Abbreviations used: CBM, carbohydrate-binding module; GH, glycoside hydrolase module; X1 1 and X1 2 , modules in CbhA previously designated as fibronectin type 3-like modules; [θ] mrw , mean residue ellipticity; T m , mid-point transition temperature. 1 To whom correspondence should be addressed (e-mail kataeva@arches.uga.edu).
are often multiple and located between catalytic and CBMs [6] . These observations suggest the existence of specific interactions between domains in glycoside hydrolases similar to that of some other modular proteins [7] [8] [9] . The importance of correct domain interactions in glycoside hydrolases has been demonstrated. Truncation or transposition of some ancillary domains resulted in changes in activity towards insoluble substrates [10] [11] [12] , in the mode of action [13] , in the shift of optimal temperature to a lower range, and decreased thermostability [14, 15] of catalytic modules. Although there have been some random observations, there is no deep understanding of how domains in bacterial glycoside hydrolases interact and affect overall properties of the enzymes.
Calcium is involved in a diversity of biological processes. One major role of Ca 2+ is to stabilize native folds of proteins.
For this reason Ca
2+ is a constituent of many thermostable proteins [16] . Cellobiohydrolase CbhA is a component of the cellulolytic/hemicellulolytic complex termed the 'cellulosome' of the anaerobic thermophilic bacterium Clostridium thermocellum. CbhA is a typical representative of thermostable multi-modular Ca 2+ -containing enzymes. It is composed of an N-terminal family 4 CBM (CBM4), an Ig-like module, a family 9 glycoside hydrolase catalytic domain (GH9), X1 1 and X1 2 modules (formerly called Fn3 1 and Fn3 2 ), a family 3 CBM (CBM3) and a [17] . In a previous publication we demonstrated that X1 1 X1 2 modified the surface of cellulose and promoted its hydrolysis by the catalytic domain [18] . It was also found that each X1 1 , X1 2 and CBM3 domain contained 1 mol of Ca 2+ [18] . Despite some contradictory data, the most probable role of Ca 2+ in CBMs is to stabilize the native protein structure [19] .
In the present paper we present a thermal denaturation study of native (holo-) and Ca 2+ -free (apo-) individual domains X1 1 , X1 2 and CBM3, and domain combinations X1 1 X1 2 and X1 1 X1 2 -CBM3 of CbhA by CD spectroscopy. The results indicated that both Ca 2+ binding and domain interactions contributed to the structure and stability of the domains in modular CbhA.
MATERIALS AND METHODS

Bacterial strains, culture conditions and plasmids
C. thermocellum JW20 was used as a source of genomic DNA. The bacterium was grown anaerobically under a N 2 atmosphere at 60
• C in a pre-reduced medium with 1 % (w/v) cellobiose [20] . Escherichia coli BL21(DE3)pLys (Stratagene Cloning Systems, La Jolla, CA, U.S.A.) was used as cloning host for the T7 RNA polymerase expression vector pET-21b(+) (Novagen, Madison, WI, U.S.A.). It was grown in Luria-Bertani medium supplemented with ampicillin (100 µg/ml).
Primer design, PCR and cloning
Flanking primers containing restriction sites were designed according to the DNA sequence of cbhA (GenBank R accession number X80993) ( Table 1) and synthesized with an Applied Biosystems DNA synthesizer. DNA fragments were amplified by PCR using the primers in combination with purified genomic DNA [20] as a template. PCRs were done on a 480 Thermal Cycler (Perkin-Elmer, Norwalk, CT, U.S.A.). The reactions were carried out with Taq polymerase (New England Biolabs, Beverly, MA, U.S.A.). The annealing temperature was 54
• C and the extension time depended on the length of the fragment. PCR products were separated by 1 % agarose gel electrophoresis and extracted from the gel using the Geneclean II Kit (Bio 101, La Jolla, CA, U.S.A.). The extracted DNA fragments were digested with restriction enzymes and ligated into the pET-21b(+) vector linearized with the same enzymes. The ligation products were used to transform BL21(DE3)pLys competent cells. Each construct was verified by both restriction analysis and DNA sequencing.
Protein purification
All polypeptides were His 6 tagged at the C-terminus. They were purified from BL21(DE3)pLys cultures harbouring the pET- • C. All proteins were purified to near homogeneity as ascertained by SDS/PAGE.
Metal content
The metal contents of the proteins were determined by inductively coupled plasma MS (EPA Method 610) using VG PlasmaQuad 3 ICP-MS. Samples (1 ml) containing proteins at concentrations of 50-200 µM were quantificatively analysed for elements of interest using multi-element calibration solutions. A single calibration set was prepared and run at the beginning of the analysis procedure. Prior analysis the proteins were intensively dialysed against 1 litre of 20 mM Tris/HCl buffer, pH 7.5, used as a blank. Each data point was a mean of three replicates.
Protein determination
During purification, protein levels were determined with the Coomassie Protein Assay Reagent (Pierce, Rockford, IL, U.S.A.). Concentrations of purified proteins were determined on the basis of A 278 values. Each protein was extensively dialysed against 20 mM sodium phosphate buffer, pH 6.0, and then the solution was centrifuged at 20 000 g for 60 min. The absorbance was read using the dialysis buffer as a blank. Molar absorption coefficients calculated from tryptophan and tyrosine residue contents were (M − 1 ·cm − 1 ): 34 480 for X1 1 X1 2 -CBM3; 14 650 for X1 1 X1 2 ; 3 840 for X1 1 ; 10 810 for X1 2 ; and 19 830 for CBM3.
Preparation of Ca
2+ -free polypeptides
Calcium was removed from the proteins dissolved in 20 mM sodium phosphate buffer, pH 6.0, by overnight incubation at 4
• C in the presence of 5 % (w/v) Chelex-100 resin (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The resin was removed by centrifugation and the polypeptides were dialysed against three changes of Ca 2+ -free 20 mM sodium phosphate buffer, pH 6.0. To remove traces of multivalent cations the buffer was stirred overnight with 5 % (w/v) Chelex-100. All glassware, plasticware and quartz cells were soaked overnight in 4 M HCl and then thoroughly rinsed with deionized water.
CD spectra
CD measurements were carried out using a Jasco J-710 spectropolarimeter with a jacketed quartz cell with a 1.0-mm (far-UV region) or 10-mm (near-UV region) pathlength. The cell temperature was controlled to within + − 0.1 • C by circulating (15 l/ min) a mixture of water/antifreeze (1:1) via a Neslab R-111 water bath (NESLAB Instruments, Portsmouth, NH, U.S.A.) through a cell jacket. The results were expressed as mean residue ellipticity [θ ] mrw . The spectra obtained were averages of five scans. The spectra were smoothed using an internal algorithm in the Jasco software package, J-710 for Windows. Protein samples were in 20 mM sodium phosphate buffer (pH 6.0) at a concentration of 10 µM for the far-UV CD and at an A 278 of 0.5 for the near-UV CD.
Temperature-induced denaturation
Thermal denaturation of different constructs was monitored by CD in both near-(190-250 nm) and far-UV (250-320) regions. For the analysis of thermostability, the temperature was increased from 25 to 100
• C with a step size of 10 or 5
• C, and with the CD spectra measured at each temperature after incubation for 30 min. At the end of each thermal denaturation experiment, the sample was cooled for 10 min to 23
• C and spectra were recorded to determine the extent of refolding.
Thermodynamic analysis
Denaturation curves were analysed using the two-state model. The difference in free energy (Gibbs energy) between the native and the denatured states, ᭝G eff , was calculated by the equation:
where R is the gas constant (1.987 cal/deg/mol), T is the absolute temperature and K eff is the effective equilibrium constant. The corresponding thermodynamic parameters, T m (the midpoint of the thermal denaturation curve), H m (the enthalpy change at T m ) and S m (the entropy change at T m ), were determined from G eff versus T plots. In the midpoint of a thermal denaturation curve
This gives S m as the slope of the G versus T plot at T m , and H m = T m S m [22] . The difference in the free energy change associated with the Ca 2+ binding, ( G), was calculated as
where (T m ) is the difference between the T m values measured for the given protein in the presence and the absence of Ca 2+ , whereas S m and H m are values for the Ca 2+ -free forms of the proteins [21, 22] .
Analysis of spectroscopic data in a form of parametric dependencies
The 'phase diagram' method analysis of spectroscopic data is extremely sensitive for the detection of intermediate states [23] [24] [25] [26] . Although this method was developed for the analysis of fluorescence data, it can be used with any spectroscopic technique. The essence of this method is to build up the diagram of I λ1 versus I λ2 , where I λ1 and I λ2 are the spectral intensity values measured at wavelengths λ 1 and λ 2 under different experimental conditions for a protein undergoing structural transformations. As spectral intensity is the extensive parameter, it will describe any twocomponent system by a simple relationship:
where I 1 (λ) and I 2 (λ) are the intensities of the first and second components, whereas α 1 and α 2 are their relative concentrations. Substituting for α 1 (α 1 =1 − α 2 ), eqn (4) can be rewritten as:
α 2 may be determined from the intensity measurements at two different wavelengths, λ 1 and λ 2 . In fact:
and
This allows determination of the relationship between I(λ 1 ) and I(λ 2 ) by substitution of α 2 in equations (9) from (11): (9) or:
where
In application to protein unfolding, the relationship in eqn (10) predicts that I(λ 1 ) = f [I(λ 2 )] will be linear if changes in protein environment lead to an all-or-nothing transition between two different conformations. Alternatively, the nonlinearity of this function reflects the sequential character of structural transformations. Moreover, each linear portion of the I(λ 1 ) = f [I(λ 2 )] dependence will describe an individual all-ornothing transition. 
RESULTS
Metal content
Individual domains X1 1 , X1 2 and CBM3 bind 1 mol of Ca 2+ each [18] . Domain combinations X1 1 X1 2 and X1 1 X1 2 -CBM3 bind 2 (1.95 + − 0.2) and 3 (2.03 + − 0.25) mol of Ca 2+ respectively. Calcium content in all constructs treated with Chelex-100 was found to be less than 0.02 mol per mol of protein.
Structural properties of CbhA domains
CD spectra in the aromatic region Figure 1 represents near-UV CD spectra of holo-and apoforms of individual domains X1 1 , X1 2 and CBM3, and domain combinations X1 1 X1 2 and X1 1 X1 2 -CBM3 recorded at 25
• C and 100
• C. The individual domains show differences in the shape and intensity of the near-UV CD signals correlating with the different contents of aromatic amino acid residues. Analysis of the amino-acid sequence of CbhA revealed that X1 1 domain (residues 822-912) contains three tyrosine, two phenylalanine and no tryptophan residues; X1 2 domain (residues 913-999) has four tyrosine, three phenylalanine and one tryptophan residues; and CBM3 (residues 1004-1148) includes eleven tyrosine, nine phenylalanine and one tryptophan residues. Figure 1 shows that not only tryptophan-containing X1 2 and CBM3, but also the tryptophan-free X1 1 have well-pronounced peaks in the vicinity of 294 nm. As there is no tryptophan residue in X1 1 , the presence of a longer wavelength peak in the near-UV CD spectrum suggests the existence of specific clusters of aromatic residues.
It should be noted that the spectral shape of all constructs studied (except X1 1 ) is almost independent of Ca 2+ presence (Figure 1) . This reflects the fact that Ca 2+ binding does not affect tertiary structures of X1 2 and CBM3, but causes some changes in the structure of X1 1 . These changes appear most likely in the aromatic cluster of the X1 1 domain, as the intensity of the longer wavelength signal is increased for apo-X1 1 . As Ca 2+ does not have any visible effect on the CD spectra of the combined domains, it might be suggested that within those domain combinations X1 1 is stabilized by the interaction with X1 2 . The near-UV CD signals of all polypeptides measured at high temperatures are almost completely absent regardless of the presence of Ca 2+ , reflecting the temperature-induced loss of specific tertiary structure, i.e. heat-induced denaturation.
To reveal possible interactions between the domains and their effect on the conformation of CbhA, we compared the near-UV CD spectra of domain combinations X1 1 X1 2 and X1 1 X1 2 -CBM3 with the spectra calculated as simple weighted sums of X1 1 + X1 2 ('X1 1 X1 2 ' construct), and X1 1 + X1 2 + CBM3 or X1 1 X1 2 + CBM3 ('X1 1 X1 2 -CBM3' construct) spectra (Figure 2) . If the domains were absolutely independent, then spectra of X1 1 X1 2 and X1 1 X1 2 -CBM3 would be equal to the spectra calculated as weighted sums of the spectra of individual domains. However, if the domain interactions induce changes in the tertiary structure, then some difference between the observed and calculated spectra must be seen. Figure 2 shows that interdomain interactions play an important role in the conformation of X1 1 X1 2 -CBM3 either in the presence ( Figure 2B ) or in the absence ( Figure 2D ) of Ca 2+ . As for the X1 1 X1 2 construct, a considerable difference between measured and calculated spectra was observed in the absence of Ca 2+ ( Figure 2C ). Upon Ca 2+ binding this difference was essentially eliminated (Figure 2A) . Thus, Ca 2+ is important for the interactions between the X1 1 and X1 2 domains of CbhA.
CD spectra in the peptide region
The far-UV CD spectra of individual X1 1 , X1 2 and CBM3 domains, and domain combinations X1 1 X1 2 and X1 1 X1 2 -CBM3 are given in Figure 3 . The spectral shapes of all constructs recorded at 25
• C indicate mainly β-structure, although they are rather unusual. This is due to the contribution of aromatic side groups, the effect of which is more pronounced in β-proteins [27] [28] [29] [30] [31] . There are no structural data on proteins displaying sequence similarity to X1 1 and X1 2 , but structures of all known CBMs comprise mainly β-sheet [5, 14, 19] . Ca 2+ causes different effects on the far-UV spectra of the constructs. Loss of Ca 2+ does not affect the CD spectra of X1 2 , CBM3, and X1 1 X1 2 -CBM3 recorded at 25
• C; it slightly changes spectrum of X1 1 X1 2 , and it has a dramatic effect on the spectrum of X1 1 (Figure 3) .
At elevated temperatures Ca 2+ considerably stabilizes these domains against thermal unfolding. Interestingly, denaturation of CbhA constructs leads to the 'normalization' of their far-UV CD spectra. Figure 3 shows that at 100
• C spectra of apo-and holo-CBM3 resemble typical spectra of β-proteins; spectra of holo-X1 1 , X1 2 and X1 1 X1 2 -CBM3 look like spectra of α + β proteins; spectra of apo-X1 1 and apo-X1 2 , and holo-and apo-X1 1 X1 2 are typical of essentially disordered proteins.
Conformational stabilities of CbhA domains
Equilibrium thermal denaturation and 'phase-diagram' analysis
Complete or almost complete reversibility of denaturation of all constructs allowed the application of thermodynamic analysis. It is very important to remember that far-UV CD spectra of the constructs measured at 25
• C are significantly affected by the contribution of aromatic side groups (Figure 3) . Moreover, thermal denaturation, while accompanied by complete disruption of the tertiary structure (Figure 1 ), does not lead to the unfolding of the proteins, as all of them are characterized by significant amounts of ordered secondary structure, even at 100
• C (Figure 3 ). Thus temperature-denatured constructs are characterized by the absence of rigid tertiary structure and the presence of essential secondary structure, i.e. they resemble molten globules [32] . This means that unambiguous thermodynamic analysis can be performed only for the near-UV CD data.
To elucidate the mechanism of temperature-induced structural transformations we used the method of 'phase diagrams' (see the Materials and methods section). Figure 4 shows phase diagrams for the temperature-induced denaturation of holo-constructs and apo-constructs. Analysis of these diagrams makes two important points: mechanisms of denaturation are different for different constructs; and Ca 2+ affects denaturation of different domains in different manners. The phase diagram of holo-X1 1 consists of two linear parts. Removal of Ca 2+ dramatically changes the shape of the phase diagram. However, the plot still has two linear parts indicating the existence of at least two independent transitions linking three different conformations regardless of Ca 2+ binding ( Figure 4A ). Figure 4(B) shows that the denaturation of both holoand apo-X1 2 most likely represents an all-or-nothing transition. Similar behaviour is characteristic for the denaturation of X1 1 X1 2 ( Figure 4D ). The denaturation of CBM3 is Ca 2+ sensitive ( Figure 4C ). Thus apo-CBM3 denatures according to the threestate model (the phase diagram has two linear parts), whereas the denaturation of holo-CBM3 is described as an all-or-nothing transition. Finally, Figure 4 (E) shows that removal of Ca 2+ has no effect on the mechanism of X1 1 X1 2 -CBM3 melting, with the apo-and holo-forms being denatured according to the two-state scheme.
Equilibrium thermal denaturation monitored by changes in the near-UV CD spectra Figure 5 presents denaturation curves monitored by changes in the near-UV CD spectra of holo-and apo-proteins. All constructs are relatively thermostable with transition temperatures (T m ) lying in the range of 78-83 • C (Table 2) . Results presented in Figure 5 (A) are consistent with the conclusion that Ca 2+ significantly contributes to the thermal stability of X1 1 : T m of apo-X1 1 is 20
• C less than T m of holo-X1 1 (approx. 62
• C and 82
• C respectively). This corresponds to a 4.2 kcal/mol decrease in ᭝G value, reflecting dramatic destabilization of protein associated with the release of Ca 2+ (Table 2 ). In contrast, stabilities of X1 2 , CBM3, X1 1 X1 2 and X1 1 X1 2 -CBM3 are not affected much by Ca 2+ , as T m values of the corresponding apo-forms decrease by only 2.5, 0.0, 4.3 and 1.8
• C respectively (with corresponding changes in ᭝G of 0.59, 0.00, 1.02 and 0.49 kcal/mol). These changes in T m values are significantly smaller than determined for typical Ca 2+ -binding proteins [33] . Melting of holo-CBM3 is characterized by T m of approx.
80-82
• C (Table 2) , with a sharp transition occurring within 6-7
• C. The denaturation transition of apo-CBM3 has a comparable T m value, is broader and occurs within an interval of 15 Figure 5C ). This suggests that Ca 2+ influences the co-operativity of thermal denaturation of the domain. Similar results are obtained for X1 1 X1 2 ( Figure 5D ). Thermal denaturation of X1 2 is mostly unaffected by Ca 2+ as both T m values, and co-operativities of the denaturation of the holo-and apo-polypeptides, are very similar ( Figure 5B ). In the absence of Ca 2+ , X1 1 is significantly stabilized by the interaction with X1 2 , as T m of apo-X1 1 X1 2 is 20
• C higher than that of apo-X1 1 ( Table 2 ). Thus X1 1 by itself is stabilized by Ca 2+ , whereas in X1 1 X1 2 the stabilization of the domain occurs via the inter-domain interactions. In agreement with this proposal, Figure 4(D) shows that the melting of X1 1 X1 2 appears to be a simple all-or-nothing process.
It is possible that the inter-domain surface in X1 1 X1 2 has a hydrophobic character, as the solubility of X1 1 and X1 2 is limited to 10-12 mg/ml, whereas X1 1 X1 2 is soluble at 70 mg/ ml. This situation is similar to that described for a protein S composed of two domains with an extensive hydrophobic interface [34] .
Some interesting information on the nature of thermal transitions of different CbhA modules can be extracted from the comparison of melting data presented in a traditional form ( Figure 5 ) and in the form of parametric dependencies ( Figure 4 ).
As shown in Figure 4 , different domains denature in a different manner. For example, melting of X1 2 and X1 1 X1 2 represents a simple all-or-nothing process ( Figures 4B and 4D respectively) , while thermal denaturation of X1 1 represents at least two sequential transitions ( Figure 4A ). Figure 5(A) shows that in the case of apo-X1 1 , increasing temperature first results in ellipticity changes in the vicinity of 276 nm, followed by an ellipticity decrease at longer wavelengths (in the vicinity of 295 nm, see also Table 2 ). This indicates that melting of the environment of individual aromatic residues happens at lower temperatures than the melting of aromatic cluster(s). Ca 2+ removal leads to dramatic destabilization of the environment of individual aromatic residues (by approx. 20
• C), whereas the stability of the aromatic cluster is less affected (T m decreased by 1.5
• C). As for the individual CBM3 domain, removal of Ca 2+ changes its mechanism of thermal denaturation from a two-state to a three-state model, without considerable change in the stability of this domain ( Figure 4C and Table 2 ). Finally, regardless of the presence of 
Ca
2+ , X1 1 X1 2 -CBM3 is denatured according to a two-state model (Figures 4E and 5E, and Table 2 ). In other words, all three domains in this construct melt simultaneously, once again underlining the stabilizing effect of inter-domain interactions.
DISCUSSION
CbhA of C. thermocellum comprises seven modules and binds perhaps as many as nine Ca 2+ ions. X1 1 , X1 2 and CBM3 contain one Ca 2+ each. Two structural Ca 2+ ions have been found in highly conserved dockerin domains [35] and are likely to be present in the dockerin domain of CbhA. In a previous study [36] , we reported the presence of 1 mol of Ca 2+ in the N-terminal CBM4 from the highly similar cellobiohydrolase CelK [36] . As this domain displays over 80 % identity with the corresponding module from CbhA, we assume that the latter domain also binds Ca 2+ . Recently, we found three Ca 2+ ions in an Ig-GH9 combination from CbhA (I. A. Kataeva, unpublished work). All three ions are likely situated in the catalytic module GH9, as was found in the crystal structure of Ig-GH9 combination from endoglucanase CelD [37] . In CelD Ca 2+ enhances thermal stability of the enzyme [38] .
In the present study, the structures and stabilities of individual domains and domain combinations of CbhA have been compared. In the presence of Ca 2+ , all the constructs show high co-operativity of thermal unfolding and high intrinsic stability with mid-point transition temperatures of about 80
• C. These T m values exceed the optimal growth temperature of C. thermocellum by 20
• C. Removal of Ca 2+ destabilizes polypeptides in a different way, and to a different extent: it decreases the melting temperature of X1 1 by 20
• C; increases the number of transitions and decreases the co-operativity of unfolding of CBM3 by 7
• C; and slightly (2-4
• C) decreases T m s of the other constructs. Despite the fact that individual X1 1 , X1 2 and CBM3 are independently folded units, as indicated by the reversible unfolding, their interactions in domain combinations X1 1 X1 2 and X1 1 X1 2 -CBM3 have been demonstrated. Thus X1 1 is significantly stabilized in the apo-X1 1 X1 2 and apo-X1 1 X1 2 -CBM3 by interaction with X1 2 . Thermal denaturations of holo-and apo-variants of X1 1 X1 2 and X1 1 X1 2 -CBM3, comprising two and three different domains respectively, follow two-step mechanisms with no intermediate detected. This so-called 'coupling phenomenon' in folding/unfolding transitions when a modular protein is denatured by a simpler model than expected based on its multi-domain nature was described, in particular, for γ II-crystallin from calf eye lens [39] and xylanase XynA from the extreme thermophilic bacterium Thermotoga maritima [9] . Absence of long flexible linkers rich in proline residues and hydroxylic amino acids (threonine and serine residues) often found between modules in glycoside hydrolases, suggests tighter contacts between the domains in CbhA and probably contributes to the observed one-or-nothing transitions of two-and three-domain composed constructs. X1 1 and X1 2 display 26-48 % identity with the modules found mostly in chitinases from mesophilic bacteria [18] . The presence of Ca 2+ has not been reported for other modules displaying similarity to X1 1 and X1 2 , but the aspartic acid residue involved in binding of Ca 2+ in X1 2 is conserved in these modules [18] . Thus we assume that they bind Ca 2+ · Ca 2+ probably plays a leading role in the stabilization of the domains from mesophilic organisms. In X1 1 and X1 2 , however, its role might be decreased due to the acquisition of other stabilizing increments during natural evolution of coding sequences. X1 1 is strongly stabilized by Ca 2+ , whereas apo-X1 2 is almost as stable as holo-X1 2 . Comparison of the amino acid sequences of X1 1 and X1 2 , which display 33 % identity, shows that they do not have any cysteine residues, and consequently no disulphides, and contain an almost identical number of hydrophobic, polar and charged amino acid residues. One of the factors, which may influence the lower thermostability of apo-X1 1 , is a decreased content of aromatic amino acid residues. Aromatic interactions are known to be one of factors responsible for the thermal stability of proteins [40, 41] . A survey of the protein database shows that proteins from thermophiles usually have more aromatic pairs and aromatic clusters or additional aromatic residues in cluster than mesophilic proteins [41] . It is also possible that hydrophobic surface exposed to the solvent is larger in X1 1 than in X1 2 .
Microbial glycoside hydrolases constitute a large group of extracellular modular-composed proteins. Some of them have complex structures with multiple modules [3] . Ca 2+ is a usual component of these enzymes from both mesophilic and thermophilic micro-organisms. The remarkable feature of glycoside hydrolases is their activity against insoluble carbohydrates. Correspondingly, to reach their substrate the enzymes must be secreted outside the cytosolic compartment and act under extreme conditions. To overcome this environmental factor, proteins require molecular adaptation at different levels of their structure. Besides, domains performing particular biological functions and combined in one polypeptide chain must act in concert with elements of regulation. Binding of Ca 2+ and formation of interacting surfaces between domains probably not only play a stabilizing role, but also are involved in the coordination of different modules. Finally, inter-domain interactions stabilizing domains in the absence of Ca 2+ might be of importance during protein biosynthesis.
